Byrd Glacier is an outlet glacier that flows through a fjord in the Transantarctic Mountains (80o-8 løS, 152 ø-164øE). Its catchment area and flux into the Ross Ice Shelf are approximately 9.0 x 10 5 km 2 and 20.5 km 3 yr '1 respectively. Flow converges above the fjord, peaks across the grounding zone halfway through the fjord, and diverges below the grounding zone where flow enters the Ross Ice Shelf. Center line surface velocities [Brecher, 1982] of 600 m/yr at the fjord entrance (x = 40 km in Fig. 1 ) increase to 875 m/yr across the grounding zone and decrease to 750 m/a at the fjord exit. Swithinbank [1964] reported the first surface velocity measurements across Byrd Glacier near the grounding zone, using both surface theodolite triangulation to implanted stakes and aerial photogrammetric triangulation to moving crevasses. Surface velocity and elevation measurements have now been extended over the entire glacier between the fjord walls, using these methods, and surface strain rate components have been computed [Hughes and Fastook, 1981 ' Brecher, 1982 ' Brecher, , 1986 Scofield, 1988] . The force balance on Byrd Glacier has been analyzed by Whillans et al. [1989] . Here, we report possible velocity variations with depth.
Hughes [1977] , Rose [1979] , Weertman and Birchfield [1982] , and later workers have assumed that high surface velocities associated with outlet glaciers and ice streams are due primarily to basal sliding. By assuming that flow is due solely to basal sliding, and that mass balance is zero because ice surface elevations have not changed since 1960 [Brecher, 1982] , we produced an ice thickness map for Byrd Glacier. Our "balance thickness" map of bed topography is reliable only if the basal sliding assumption is valid. We shall examine this assumption.
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To determine balance ice thickness within the fjord region of Byrd Glacier, we determined the flux crossing the ground zone and used this value to determine the balance thickness at points upstream under the assumptions of zero mass balance and flow due entirely to basal sliding. The grounding zone (Figure 1 ) was identified from evidence in the work by Hughes and Fastook [1981] and by comparing radio-echo thickness profiles with surface elevation [Brecher, 1982] , assuming the glacier is in hydrostatic equilibrium with seawater at its grounding line. At the grounding zone the basal shear stress approaches zero and little or no internal shear exists. Thus the columnar average velocity is very close to the measured surface velocity and, together with the known radioecho thickness and the flowband width, the flux at the grounding zone can readily be determined. A flowband defined by ice streamlines and measured velocity vectors [Brecher, 1982] , and encompassing the radioecho flightline, was selected (see There is no doubt that summer melting occurs on Byrd Glacier. Swithinbank [1964] described it, we observed meltwater pools on the wind-scalloped ice surface, and its extent is shown on Landsat imagery [Lucchitta and Ferguson, 1986] . Whether this meltwater evaporates or percolates into pores and cracks in the firn to refreeze, however, is an open question. Summer melting, runoff, and evaporation plus winter sublimation on Meserve Glacier (77.5øS, 162.3øE) cause about 0.3 m/yr of net ablation, ascribed primarily to dry katabatic winds [Bull and Carnein, 1970] . Dry katabatic winds are also strong on Byrd Glacier, so we can take 0.2 m/yr as an upper limit for the average net surface ice ablation upstream from the grounding line. Ice surface velocity averages about 740 m/yr in this 40 km distance, so surface ablation would reduce ice thickness less than 13 m if basal sliding dominates.
We estimate the total error on the resulting balance thicknesses to be about 15 percent. This includes a 2 percent error in measuring the flowband width, a 3 percent error in measuring surface velocity [Brecher, 1986] 
where oexz is the shear strain rate, n is a viscoplastic exponent, A is a hardness parameter that is constant for isothermal homogeneous ice, and U c (z) is the creep velocity at height z above the bed. 
When A is constant, the value of n has been reported to vary from 1.5 to 4.2 [Weertman, 1973] . For n = 3, the usual value, equation (6) gives an average velocity that is 80 percent of the measured surface velocity. If
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the ratio of the balance velocity to the surface velocity is greater than 80 percent, then the measured velocity will have a sliding component U s as well as a creep component Uc. For n = 1.5 and n = 4.2, the average velocity will be 71 percent and 84 percent of the measured surface velocity, respectively, if the bed is frozen. Table 1 gives values of n in equation (6) For n = 3, a ratio U/U M less than 80 percent suggests that flow is due entirely to internal creep, and a ratio of 100 percent suggests that flow is due entirely to basal sliding.
In order that surface velocities calculated from equation (5) match the measured surface velocities, we solved equation (6) for n at each cross section (Table 1) , and used this n in equation (5) 
where 0 is Celsius temperature, O S is the measured mean annual surface temperature, 0 B is the pressure melting temperature at the bed, and H is ice thickness in vertical direction z above the bed. We have approximated surface temperatures on the glacier by assuming that a surface temperature of -24øC exists at the 100-m elevation contour [Thomas, 1976] and that the adiabatic lapse rate in this region is -løC per 100-m elevation gain, as was measured for Meserve Glacier [Hughes, 1971 ]. Temperature appears in hardness parameter A in the flow law of ice, which can be written two ways [Glen, 1958] Table 2 ).
Over The strain rates are from Scofield (1988) 
